A large fraction of the phospholipid protons of bovine retinal rod outer segment (ROS) disc membrane vesicles yield well-resolved nuclear magnetic resonance lines near physiological temperature. The spin-lattice (Tj) relaxation rates of the resolved sharp resonance of ROS disc membranes appear biphasic above 100C. and the desired physical information is in many cases averaged over an indeterminant fraction of the membrane. The disc membrane of vertebrate retinal rod outer segments (ROS) is well suited for the study of protein-lipid interactions, since the visual pigment rhodopsin comprises more than 85% of the total protein content (3) and the lipid composition is well characterized (4). Differences in the physical properties of lipids in ROS disc membranes compared to those in bilayers of purified ROS lipids are most likely due to interactions with rhodopsin. In this communication we report 1H NMR studies at 100 and 360 MHz which show that a substantial fraction of the phospholipids in retinal ROS disc membranes and protein-free liposomes of extracted ROS phospholipids have similar resonance linewidths but different spin-lattice (T,) relaxation behavior. These results corroborate and extend our previous 100 MHz 1H NMR studies (5, 6) and are interpreted in terms of protein-lipid interaction in the ROS disc membrane.
relaxation behavior of phospholipids in the ROS membrane vesicles and ROS liposomes appears to be in T1, rather than T2, since the corresponding sharp resonances of both preparations have similar linewidths. These observations suggest that the interaction of rhodopsin with the more fluid membrane phospholipids predominantly affects relatively high frequency segmental motions, which determine T1, while having minimal effects on the lower frequency segmental motions, which influence T2. This conclusion can be rationalized by assuming that a substantial fraction of the interacting phospholipids are relatively fluid with respect to less frequent, larger amplitude segmental motions, but that the more frequent segmental motions (such as i-coupled trans-gauche isomerizations) are significantly restricted by interaction with protein.
Nuclear magnetic resonance (NMR) spectroscopy offers a number of potential advantages over and the desired physical information is in many cases averaged over an indeterminant fraction of the membrane. The disc membrane of vertebrate retinal rod outer segments (ROS) is well suited for the study of protein-lipid interactions, since the visual pigment rhodopsin comprises more than 85% of the total protein content (3) and the lipid composition is well characterized (4) . Differences in the physical properties of lipids in ROS disc membranes compared to those in bilayers of purified ROS lipids are most likely due to interactions with rhodopsin. In this communication we report 1H NMR studies at 100 and 360 MHz which show that a substantial fraction of the phospholipids in retinal ROS disc membranes and protein-free liposomes of extracted ROS phospholipids have similar resonance linewidths but different spin-lattice (T,) relaxation behavior. These results corroborate and extend our previous 100 MHz 1H NMR studies (5, 6) and are interpreted in terms of protein-lipid interaction in the ROS disc membrane.
EXPERIMENTAL PROCEDURES AND RESULTS ROS membranes and ROS phospholipids were purified as described (6) (7) (8) . To minimize oxidative damage to the polyunsaturated ROS phospholipids, we conducted all work under an argon atmosphere using argon-saturated solutions (9) and all aqueous solutions contained 0.1 mM EDTA (W. L. Stone, T. Huffaker, C. C. Farnsworth, and E. A. Dratz, unpublished data). All manipulations and measurements of the ROS membranes were done in the dark or under dim red light unless specified otherwise. The dark-adapted bovine ROS membranes contain approximately 25% bleached rhodopsin. The studies reported here used fully sonicated preparations of about 1000 A diameter vesicles (6) except as noted. Fig. 1 shows 'H NMR spectra of sonicated bovine ROS membranes and liposomes of extracted ROS phospholipids obtained by an inversion recovery (1800°-r-90') pulse sequence at 100 MHz. The pulse interval T was chosen to effectively null the slowly relaxing residual HDO solvent resonance at about 4.6 parts per million (ppm), thereby more clearly revealing the presence of distinct sharp and broad spectral components. The spin-lattice (T,) relaxation rates of the resolved sharp resonances were measured at 100 and 360 MHz by the inversion recovery pulse method. Fig. 2 (Fig. 3) . Above 10C the T, relaxation becomes nonexponential, with the relative proportions of the two exponential relaxation components displaying a slight temperature dependence over the range 10-50'C. The rates of the slowly relaxing components of the ROS membranes increase slightly with temperature, while the relaxation rates of the ROS liposome resonances decrease with temperature over the range of 5-500C (Tables 1 and 2 and Figs. 3 and 4) . shows Arrhenius plots of the T, relaxation data obtained for the ROS liposomes and the slow relaxation component of the ROS membranes at 100 MHz. Neither the 100 MHz nor the 360 MHz data are sufficiently precise to determine a temperature dependence for the fast relaxation components of the ROS membranes.
The data in Fig. 5 indicate that the T, relaxation rates of the slowly relaxing components are essentially the same before and after bleaching of rhodopsin under the conditions used for these experiments. Changes in T, behavior may occur upon bleaching and this matter is under further investigation.
DISCUSSION
The 'H NMR spectra of sonicated ROS membranes and ROS liposomes contain distinct sharp and broad spectral components. The sharp components account for about 40-50% of the total resonance area near physiological temperature. The remainder appears as a broad underlying background of spectral intensity. The simplest interpretation of these sharp and broad compo- with coupled rotations that are separated by several, rather than one, intervening trans bonds. This interpretation has been reinforced by a recent careful analysis of inter-and intramolecular contributions to the relaxation rates of dipalmitoyl PC (13), which shows that the methylene linewidths and T1 values are dominated by intramolecular dipolar interactions.
The observation of a similar fraction of sharp and broad spectral components and similar resonance linewidths in the 1H NMR spectra of the ROS membranes and ROS liposomes suggests that rhodopsin does not drastically inhibit the lower frequency segmental motions of the ROS membrane phospholipids (6, 10 greater than that estimated for higher frequency 13-coupled trans-gauche isomerizations (10-9 to 10-10 sec) (19, 20) . Thus, a substantial fraction of the ROS phospholipids may be relatively fluid with respect to low-frequency segmental motions and lateral diffusion, but restricted in higher frequency segmental motions by interaction with rhodopsin.
